In this study, microwave-dried oil palm trunk core lumber was impregnated with phenol formaldehyde resin using high pressure vacuum chamber. The impregnation of oil palm trunk core lumber was performed under 3 bar pressure and cured in an oven at 150
Introduction
Nowadays, utilization of agricultural residues as an alternative renewable resource-based material technology is growing rapidly throughout the world. The practice of using agriculture wastes in the development of value added product offers many advantages such as low cost, light weight, biodegradability and towards the development of environmentally friendly products. 1, 2 Oil palm (Elaeis guineensis) is currently Malaysia's largest agricultural crop with the total plantation area of 4.69 million hectares and the life cycle of productive oil palm is around 25-30 years. Oil palm is an agro-industrial commodity that is used to produce edible oil and sometimes it is also used as a fuel source by direct combustion. It is estimated that more than seven million tons of oil palm trunk (OPT) wastage is available per year. 3, 4 Most of these trunks are left to rot in the field and until now, only 20% of OPT has been utilized in wood-based industries. OPT expected to be a good source of raw materials for wood based industries in the future as the world's supply of wood resources is being depleted. 5, 6 Recently, the practice of burning of oil palm trunk residual materials in the field has been increased in Malaysia causing the land to become unusable for agricultural purposes. Moreover, the disposal of OPT before burning on the field will serve as the breeding grounds for insect pests such as rhinoceros beetles (Oryetes rhinoceros) and stem rotting fungi Ganoderma spp. From environment point of view, such disposal activity is considered unacceptable. 7, 8 Meanwhile, wood-based industries are facing the shortage of wood as a raw material, which has recently become a great concern for wood-based industries. Therefore, wood-based industries must find alternative sources of local raw materials to fulfill this gap, and OPT currently appears to be the most viable alternative. OPT is one of the promising raw materials that can be utilized as a value-added product as well as raw materials for future wood-based industries. 9 Recently, the extensive studies on the modification of OPT through pilot plant and small-scale production have lead to the development of a technology that can be commercialized. The study on the OPT showed the potential of utilizing this agricultural waste for making value-added products such as high-performance panel products, pulp and papermaking and animal feed. 6 Besides this, a number of studies were made to improve the properties of OPT such as treatment of OPT by compreg method, 10 compress OPT lumber 11 and impregnation with high vacuum pressure. 5, 6 However, drying defects such as high degree of shrinkage, checks, warping, twisting and collapse with low recovery will still occur as long as conventional drying methods were used.
In this study, the oil palm trunk core lumber (OPTCL) was impregnated with phenol formaldehyde (PF) resin at different time intervals (15, 30, 60 , 90, 120 min). Microwave drying was carried out to reduce the moisture content of OPT core part from 350% to 13-15% to obtain the optimum moisture content for impregnation process. 12 This study aimed to improve the dimensional stability and thermal stability of impregnated OPTCL as compared with ordinary OPT lumber. The purpose of using PF resin in the OPTCL structure was to prevent further swelling and shrinking under change in the relative humidity and contact with moisture.
Experimental

Material preparation
OPTCL. About 30 logs of 25 years old OPT were obtained from Juru Plantation Sdn Bhd, Malaysia. During the peeling process, the 10 cm diameter core was produced as waste and this central part of the OPT was used in this study. The present study focuses on the core part of OPT which contains less vascular bundles and more parenchyma. Due to the density variation along the oil palm tree, middle section of the trunk has been chosen. Middle part of oil palm trunk tree was used due to its uniformity in structure and density as compared to other parts. Until now, no researchers worked on middle part of oil palm trunk because it has been considered as waste materials.
The samples were directly cut to desired weight with a tolerance of AE2 g (to have uniform sample dimensions of 5 Â 5 Â 50 cm for a 1000 g of sample) with a band saw (Model Hitachi A50). The samples were dried in microwave drying. 13 Resin for impregnation. The PF resin used as impregnation material was obtained from Hexion Specialty Chemicals Sdn. Bhd. The property of the PF resin used in this research has been tabulated in Table 1 . The resin was kept in the refrigerator to avoid any changes prior to use.
Impregnation technique. Impregnation of the OPTCL was done by using high-pressure vacuum chamber as illustrated in Figure 1 . The excess air and water in intercellular cavities of the samples inside the chamber was removed under vacuum. The impregnation process was performed under 5 bar pressure. After the desired time, resin was drained out from the vacuum chamber and vacuum was imposed under 3 bar pressure for 5 min. It was done to optimize the use of resin and remove excess resin from the OPTCL. Finally, the PF resinimpregnated OPTCL were cured at 150 C for 2 h. The impregnation of OPTCL was carried out at different time intervals (15, 30, 60, 90, 120 min). 
where, m i is the initial mass of the test pieces in grams, m a is the mass of the test pieces after drying in grams.
Density. The density of oil palm trunk core part was determined by measuring the mass and volume of each sample. Weight of samples was measured with an accuracy of 0.01 g by means of an analytical balance. By calculating the arithmetic mean of the mass of all the test samples taken from the same trunk, the average mass of the samples was obtained. The determination of dimensions of each test sample was done by using sliding caliper as per BS EN 325:1993 standard. The volume of the samples was the result of multiplying length, width and thickness of the samples. Finally, the density was calculated by using the following equation (2)
where, m is the mass and v is the volume of the sample.
Water absorption. The water absorption and thickness swelling of the samples were calculated as a percentage according to the procedure of BS EN 317:1993. The amount of water absorption was calculated by using the following equation (3):
where, M 2 is the weight before the test (g) and M 1 is the weight during measurement (g).
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out by using Perkin Elmer (TGA-6) analyzer. Heating rate of 20 C/min was used from room temperature (27 C) to 900 C, the temperature of complete thermal degradation of samples. All TGA runs were performed under a nitrogen atmosphere. The difference in decomposition temperature among samples is observed to investigate their thermal stability.
Microwave-dried OPT
The samples were cut to achieve a weight of 1000 g and placed in the microwave chamber (model WKS-4, Taiwan). The microwave power was set at level 5 corresponding to a power of 3300 w. The initial moisture content of the samples was measured to be 294%. The drying condition of the samples were optimized at 6.89 min of time with microwave corresponding power level 4, which reduced the moisture content to 14%. The microwave-dried OPTCL showed acceptable appearance, strength and permeability with improved mechanical and physical properties compared to fresh OPTCL and oven-dried ones.
12
Results and discussion
Impregnation of OPTCL
The effect of microwave drying on the physical properties of PF resin impregnated OPTCL was carried out, and the values were compared with dried OPTCL and rubberwood (RW). In this section, each property has been studied individually. Table 2 demonstrates the amount of resin loaded in varying times. It can be clearly noticed that the amount of the resin impregnated to the OPT increases with impregnating time. The more impregnating time, more the cell cavities of OPT will be filled and it shows that 90 min of impregnating time do loading of around 123 wt%. It attributed to the saturation of OPT as all the cavities have been fully occupied by the resin and indicated maximum capacity of OPT for impregnation. The calculation was based on the sample weight before and after impregnation. Moisture reduction measurement (microwave drying) Figure 2 demonstrates the moisture content profile of OPTCL under microwave drying. Microwave drying was found to be very effective in removal of moisture from OPTCL. It can be observed that the moisture content of OPTCL reached 150 wt% after 2 min microwave drying. It is also noted that to obtain approximately 13-15% of moisture content in dried OPTCL, only 12 min microwave drying time is required. Microwave drying normally consists of three distinct periods: warm-up, water evaporation and heating-up. Water evaporated faster during the early drying process when the moisture content is very high. During the heating-up period some of the microwave energy was used to heat up the strands. The temperature of strands would sometimes be so high that the strand surfaces would burn. Accordingly, many commercial wood drying operations impose an extended period of air drying to reduce the occurrence of drying defects prior to main drying stage. 13, 14 During microwave drying, the warm-up period was shorter and the boiling point was reached faster, which could increase the drying rate. In microwave drying, the interactions of water molecules inside wood generate heat. When the drying temperature is close to the boiling point, it will cause burning of the sample due to surface dehydration. However, the microwave-dried sample was completely acceptable in behavior and appearance of the sample.
Moisture content
The moisture content of impregnated OPTCL, dried OPT and RW are given in Table 3 . From the results, it is obvious, that the average moisture content of impregnated OPTCL was between 13% and 15%. Moreover, the moisture content of impregnated OPTCL increased radially with the increase in the resin loading. It was observed that impregnated OPTCL has higher moisture content compared with microwave-dried OPTCL and RW. This may be due to the quantity of moisture content in PF resin, which contributed to the moisture content in impregnated OPTCL.
Density
It is observed from results that different impregnation time affect the density of the impregnated OPTCL as seen in Table 3 . Density is an excellent indicator of the amount of substance contained in a piece of wood. The density of impregnated OPTCL depends on the impregnation time. The density of impregnated OPTCL increased by the effects of resins and ratio of resin penetration into microwave-dried OPT. It is assumed that Figure 2 . Moisture content measurement of green oil palm trunk core lumber (OPTCL) by using microwave radiation. higher resin penetrations give higher density and enhanced water resistance of impregnated OPTCL. The detail of density profile of each sample is shown in Figure 3 . This figure illustrates that density of RW is comparable with OPTCL impregnated with resin for 60 min. In addition, the raw material density and resin properties also contribute to the density of the impregnated OPTCL.
Water absorption
Results of the water absorption tests for impregnated OPTCL, microwave dried OPTCL and RW are shown in Table 3 . Figure 3 shows the behavior of water absorption of impregnated OPTCL as a function of density and moisture content properties. The amount of the water absorptions decreased at higher impregnation time and it might be due to the increased amount of PF resin in the OPTCL. Besides that, the higher resin content in OPTCL will also enhance interfacial adhesion between the PF resin and the OPTCL due to a crosslinking reaction between the hydroxyl groups of OPTCL morphology and the formaldehyde moiety of the resin. The impregnation of PF resin in OPTCL lowered the water absorption of the specimens because the porous parts of OPTCL were occupied by PF resin. However, the proportion of the water absorption is much higher in OPTCL of 60 and 90 min impregnation. This could be due to the hydrophilic nature of parenchyma tissue which is not filled by PF resin and related to the large amount of cavities in the OPTCL. Therefore, it demonstrated that the PF resin improve the water absorption resistance of OPTCL.
Thermal properties
TGA thermograms of OPTCL (30, 60 and 90 min), dried OPT and RW are illustrated in Figure 4 . In general, the weight loss below 100 C was due to the gradual evaporation of absorbed moisture and the release of volatile content. In microwave-dried OPTCL, about 4% of moisture content evaporated during heating process at 100 C. The main degradation of microwave-dried OPT occurs between 200 C and 350 C and about 60% degradation occurs due to the decomposition of the three major constituents of the natural plant fibers (cellulose, hemicellulose and lignin). The lignocellulosic materials are chemically active and decompose thermochemically between 150
C and 500 C. Hemicellulose decomposes mainly between 150 and 350 C, cellulose between 275 C and 350 C, and lignin between 250 C and 500 C. 15 Above the main degradation stage, all the volatile materials are driven off from the sample resulting in the residual char or ash content of about 24.3%. Table 4 showed the degradation temperature of OPTCL (60 min), microwave-dried OPT and RW.
The RW sample showed better thermal stability as compared to impregnated OPTCL. The main degradation of the RW occurred at 280 C until 395 C. The high degradation temperature of RW was due to chemical composition of RW.
14 RW possesses high cellulose and lignin content which are the major constituents of fibers compared to OPTCL. Below 270 C, cellulose was decomposed gradually and above 270 C, cellulose began to degrade fast. Marcovinch et al. explained that the degradation of cellulose occurs due to the loss of hydroxyl groups and depolymerization of cellulose to anhydroglucose units. 16 It indicated that chemical composition of samples affect the thermal stability and degradation process of samples. Meanwhile, in impregnated OPTCL, the moisture content evaporated about 12% during heating process at 100 C. Main degradation of impregnated OPTCL occurs between 240 C and 360 C. The residue content left after decomposition of impregnated OPTCL is about 28%. Moreover, the high pH (alkali base) of PF resin also plays important role in properties of thermal stability. 17 It is also reported that the decomposition of cured phenolic resin starts above 250 C. 18 The weight loss of neat PF is marginal up to 300 C. Therefore, thermal stability of impregnated OPTCL increased after being penetrated with PF resin.
Conclusions
OPTCL were impregnated with phenol formaldehyde resin with different impregnation time. Impregnated OPTCL exhibited higher physical properties as compared with microwave-dried OPT. The average moisture content of impregnated OPTCL was between 9% and 13% and it concluded that accumulation of PF increased the moisture content of impregnated OPTCL and it was comparable with RW. The density of oil palm trunk lumber increased parallel with the increase of resin loading and the highest density (1.08 g/cm 3 ) belongs to OPTCL with 120 min of impregnation. The RW followed by OPTCL with 120 min impregnation time illustrated the minimum water absorption. It is clear from results that thermal stability of OPTCL increased by impregnation of PF resin. Thermal stability of OPTCL was comparable but lower than RW.
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